Introduction
III−nitride material family is particularly well suited for opto− electronic applications, e.g., as UV light emitters in future lighting solutions and also laser diodes (LDs), high temper− ature, high frequencies and high power electronic devices [1] [2] [3] [4] .
The optical properties of nitride quantum wells have re− cently been the subject to quite some controversial discus− sion. Initially, it was proposed that carrier localization due to compositional fluctuation in GaN QWs could explain their unusual optical properties. More recently, it has been recognized that all group−III nitrides in the wurtzite phase have a strong macroscopic polarization with both a sponta− neous and a piezoelectric component. This has been found from ab initio calculations too [5] [6] [7] [8] . These polarization charges create internal fields in the QWs of the order of MV/cm which have fundamental influence on the optical properties and strongly affecting the oscillator strengths of excitons as well as the spectral position of the correspon− ding photoluminescence (PL) peaks. A huge redshift of the transition energy and a strong increase in the carrier lifetime due to the quantum confined Stark effect are marked fea− tures in the optical spectra of GaN/AlGaN quantum wells, extensively debated in many publications [9, 10] .
Optical and electrical properties in these kinds of struc− tures have been extensively influenced by doping and mod− ulation doping strongly affects the polarization−induced properties. By modulation doping of the barrier layer close to a hetero−interface, charge transfer across the interface oc− curs and the electrons form a two−dimensional electron gas (2DEG) in the approximately triangular shaped potential in the active layer close to the interface. Since these electrons are spatially separated from the donor impurities in the bar− riers, they have higher mobility. This is an important prop− erty utilized in devices such as high electron mobility tran− sistors (HEMTs).
Therefore further investigations of nitride QWs are nec− essary in order to achieve a proper understanding of physi− cal properties of these structures and to optimize a device design based on these materials. In this paper, we present a combined theoretical and experimental analysis to describe the interchange between the polarization induced electric field, emission peak energy, as well as the PL emission line width of a set of GaN/AlGaN MQWs.
Experiment
We have performed continuous wave photoluminescence (cw−PL) experiment on a set of modulation doped GaN/ AlGaN MQWs nanostructures, which have different doping in their barrier. The main difference between MQW samples is doping density in barriers. All samples were grown by metal organic chemical vapour deposition (MOCVD) on (0001) sapphire substrates. On the top of a substrate, a 20−nm−thick AlN buffer layer was grown, followed by a thick nominally undoped GaN buffer layer of about 2 μm. On the top of this buffer layer, multiple quantum well struc− ture with five periods of thin−width GaN quantum well lay− ers, separated by 7−nm width AlGaN barriers, were grown [11] . The structure and other information about samples are given in Table 1 . The samples were placed in a variable− −temperature liquid−helium bath cryostat for optical mea− surement. For optical excitation in the PL measurements we have used a cw 266−nm fourth harmonic of a Nd:Vanadate laser. The PL signal was dispersed by a single−grating mo− nochromator and detected by a UV enhanced liquid nitrogen cooled charged coupled device (CCD) camera.
Results and discussion
The PL spectra for a set of GaN/Al 0.07 Ga 0.93 N MQWs sam− ples with different n−doping in the barriers, from nominally undoped (n−type with a residual donor doping in the 10 16 cm -3 range) up to high doping of 10 20 cm -3 at 2 K are il− lustrated in Fig. 1 . With increasing doping level, the main QW peak shifts to higher energies and becomes broader. The upward PL peak shift is mainly due to the expected screening of polarization field and with further increased doping level, a red shift of the PL peak position is observed, which is probably due to the band gap renormalization (BGR) effect [12] . The samples do not show any emission from the barriers, since there are too thin to hold the pho− toexcited carrier within the recombination time. A problem with the PL data in the doped samples is the strong depletion field in the near surface region, presumably making the QWs closest to the surface inactive, and the PL then origi− nates from the inner QWs in the MQW stack, possibly with a varying electron filling [13] . As it could be seen in Fig. 1 , PL lineshape of doped GaN MQWs is asymmetric, with a longer low energy tail. A detailed analysis of this lineshape is uncertain due to overlap of probably inequivalent PL spectra from the different active QWs in the doped samples. The low energy onset of the emission moves to lower ener− gy with doping, indicating the down−shifted position of the renormalized QW band gap, adjusted for a typical hole lo− calization energy [14] . For the highest doping level there is a profound broadening also of the high−energy edge of the spectrum, similar to previous studies of degenerately doped bulk GaAs [15] and AlGaAs/GaAs QWs [16] . The high−en− ergy shoulder in PL emission of the highly doped samples ( Fig. 1) could be related to a higher confined electron level in the QW, which might be pulled down in energy by BGR and possibly a potential distortion related to the electron fill− ing [17] . An alternative explanation would be a local varia− tion in well widths in the near surface region originating from the opening of dislocations in the MQW region.
The outermost barrier (outermost AlGaN layer) faces the surface and none of these structures have a cap layer. There− fore the QWs will experience a strong depletion field [13] , which is also expected to vary strongly between the different QWs in the MQW region. Figure 2 shows the variation of the full width at half maximum (FWHM) of the QW peak (about 23 meV for low and moderate doping and for the highest doped sample 93 meV) versus the doping level. FWHM in− creases by increasing the doping level, which can be ex− plained by variation of the internal polarization fields due to the variation of the depletion fields in different samples as well as the large contribution of structural defects induced by high Si doping and nonuniform absorption of the excitation [19] , which is shown that the quality of our MOCVD grown samples is comparable with the best MBE grown ones. The internal fields in the z direction cause band bending and force the carriers to the opposite side of the well. The energy of both electron and holes is reduced by the electric field. Depending on the well width, the aluminium compo− sition and ratio between the width of the well layers rela− tively to the width of the barriers, the magnitude of the inter− nal electric field will change and the optical transitions can be shifted either toward shorter wavelength than the one of the bulk GaN or can be shifted towards longer wavelengths. We have estimated the electric fields caused by the polariza− tion charge in the wells -0.48 MV/cm and for barriers +0.20 MV/cm, respectively for the case of an undoped sample with a 7% Al composition in the barriers and 3−nm well width [12] . In the presence of an electric field, the square quantum well potential has to be replaced by a triangular well profile. Therefore we can determine the electronic sta− tes inside the hetrostructure by properly solving the Schrö− dinger equation, as a function of the spatial coordinate z. In the effective mass approximation, one gets the following eigenvalue problem 
where L w eff and E w are the effective length of the QW and the electric field in the well,E w respectively. In the presence of free carriers in the well, may be expressed as [21, 22 ]
where N s is the sheet electron concentration in the well and P b (P w ) is the total polarization charge at well and barrier and can be expressed as P P P tot Pz Sp = + . As mentioned in our pervious work [12, 13] P Pz is the piezoelectric charge caused by the lattice mismatch and by thermal strain and this polarization can be estimated from the expression electron ground state in the triangular quantum well approxi− mation.
There is a reasonably good agreement between the transi− tion energy of the heavy hole and the electron ground state E e hh , predicted by this very simple well model, and the PL emission energy for the undoped and low−doped samples as demonstrated in Fig. 3 . Equation (2) is a rough approximation for highly doped samples with a more efficient screening of the fields, since the high field approximation may not be valid [20] and this formula is suitable only for two dimensional charge density below 4 10 12 cm -3 , (eN s 4 10 12 cm -3 ). It should be pointed out that the transition energy of the heavy hole and electron ground state E e hh , is reduced by the zero−field exciton binding energy of 28 meV [24] , which simply has been assumed to maintain a constant value for different dop− ing levels. Considering the localization energies discussed in our previous work [12] , the agreement between the experi− mental points and the simple theory is satisfactory and be− lieved to describe the basic physics involved for the samples with low Si doping. Note that when the observed localization energy is considered, the experimental point should be increased in energy by about 6-14 meV.
The polarization fields can be screened by free carriers, which can be originated from intrinsic carriers such as the photogenerated carriers or extrinsic carriers which are re− leased into the QW from the doped barriers. To calculate the effect of screening, the Poisson and the Schrödinger equa− tions should be solved self−consistently. Two cases can be considered. The first is a nonequilibrium carrier distribution related to photoexcitation (or injection), where the electron and hole quasi−Fermi levels are calculated for a given charge density (n 2D ) in the quantum well (the sheet density, related to the injection current or optical pumping power). The second is the thermal equilibrium distribution where the Fermi level is calculated as a function of the doping density by imposing charge neutrality conditions [25] . The Poisson's equation is
where z is the growth axis and the total internal polarization P(z) is given by the sum of spontaneous polarization (SP) and piezoelectric polarization (PZ), i.e., P(z) = Psp(z) + Ppz(z). The free and fixed charge term is r(z)
, where p(z) and n(z) are the holes and electrons concentrations, and ND + (z), NA -(z) are the do− nor and acceptor concentrations. As mentioned earlier one can determine the electronic states inside the heterostructure by properly solving the Schrödinger equation, as a function of the spatial coordinate z by Eq. (1). Once the Poisson and Schrödinger equations are solved in a self−consistent man− ner, it is possible to evaluate the oscillator strength of the optical interband transitions. Further applications and details on the technique can be found elsewhere [26, 27] . The screening effect can be achieved in a permanent fashion using extrinsic carriers from dopants. Self−consis− tent tight−binding calculations indicate that modulation dop− ing can be used to screen macroscopic polarization fields in nitride quantum wells, which produces a blue shift of photo− luminescence peak [ Fig. 4(a) ]. In fact, screening of the field by means of doping increases the overlap between confined conduction and valence band states, enhancing the radiative transition probability [ Fig. 4(b) ] [28] . This explains the re− duction of radiative lifetime and increasing emission intensity in doped MQWs. Figure 5 shows the resulting conduction band profile by using the self−consistent tight−binding approach for various doping densities [29] . The polarization field raises the con− duction band on the left side over the Fermi energy, and in order for the barrier conduction band to reach the Fermi level on the far left, the electrons are transferred from the left−side barrier into the QW, leaving an extensive depletion layer. As a consequence of the electron flow into the QW, the polarization field starts to get significantly screened at doping densities of above »10 19 cm -3 . The existence of a de− pletion layer causes a large band bending in the left−side barrier, while the bending is absent in the left half of the well. This explains why the field remains nearly uniform for the left half of the well for all of the simulations performed. On the right−hand side of the well, only a small bending due to the electron accumulation is present. Indeed, electron lo− calization is quite weak in these systems, since the confine− ment potential is small compared to the field−induced drop, and electrons tend to spill over to the right−hand side barrier. This is likely to be the case in all nitride systems in this com− position range. For these reasons it can be concluded that the doping can indeed be used to screen the polarization fields. While it is not obvious that the needed doping level can always be reached in practice, one can increase the probability to quench the polarization fields in the range of MV/cm by a combination of doping and current injection or photoexcitation and thus allowing for recovery of quasi− flat−band conditions. To estimate the exciton or carrier localization energy, we studied the temperature dependence of the emission. The QW PL peak energies have an 'S−shaped' dependence on the temperature (see Fig. 6 ). The first red shift is due to the emptying of the shallower potential valleys to the benefit of deeper one. Then, the thermal energy becomes sufficient to delocalize QW excitons or carrier out of their traps and ave− rage PL energy increases again. To calculate localization energy we used Varshini formula E(T) = E(0) -aT 2 /(b + T), where E(0) is the transition energy at 0 K and a b , are the constants. The difference between the experimentally deter− mined PL energies (QW peak position) and the correspond− ing energy evaluated from the fit at low temperature, gives an estimation of the carrier localization energy. In our mea− surements, a b
, are equal to 9´10 -4 eV/K and 880 K, respectively.
By increasing doping, the localization energy decreases from 14 meV for the undoped sample to 7 meV for the sam− ple doped with 2.4´10 19 cm -3 (figure not shown) probably due to a more efficient screening of internal electric field by extrinsic carriers. At further increase in the doping level, the localization energy is found to increase again, possibly due to a larger contribution of structural defects induced by high Si doping [30] . 
Conclusions
We have shown experimental data for doped and undoped AlGaN/GaN MQW grown by MOCVD on c−plane sapphire substrate, relevant for UV LED structures. The QW transi− tion energies deduced from low temperature photolumi− nescence reveal the presence of a strong internal electric field which can reach 0.48 MV/cm for only 7% of Al con− tent. We have shown there is a reasonably good agreement between the transition energy of the heavy hole and electron ground state when we solve Schrödinger equation with us− ing high field approximation with experimental results. It is found that FWHM increases by increasing the doping level, which can be explained by varying the internal polarization fields as well as the large contribution of structural defects induced by high Si doping. Temperature dependence of PL peak energy of samples with different doping showed that the localization energy will decrease from 14 meV for un− doped samples to 7 meV for medium doped sample.
